Magnetic resonance (MR) has historically been characterized by outstanding chemical selectivity and poor sensitivity. MR imaging (MRI) can be performed at relatively high spatial resolution only because of the large abundance of water protons being imaged, on the order of 80 M in the human body. The wealth of biological and biochemical information characterizing the state of living tissues is however hidden because of the low concentration of the other chemical species, a few millimolar for the largest pools but typically of submillimolar levels. An additional limitation associated with *in vivo* measurements of non-water proton resonances is the low spectral resolution characteristic of ^1^H MR spectroscopy (MRS), making it difficult to separate the various metabolites and requiring the necessary and sometimes delicate suppression of the inherently large water signal. This spectroscopic problem can be partly solved by detecting the ^13^C resonances of metabolites. ^13^C has a low natural isotopic abundance of 1.1%, which means that besides a few compounds such as lipids and glycogen, *in vivo*^13^C signals are detectable only with increased isotopic enrichment. However, the absence of a background signal allows quantitative measurements of the incorporation of ^13^C-labeled substrates and their metabolites, thereby allowing specific metabolic pathways to be studied using selective isotopic labeling. Many ^13^C MRS metabolic studies have been performed *in vivo* following the injection of substrates such as \[^13^C\]glucose in animal models and humans.^[@ref1]−[@ref5]^ However, the lower abundance of ^13^C together with its ∼4-fold lower gyromagnetic ratio compared to that of ^1^H makes the issue of poor sensitivity even more pronounced. ^13^C MRS metabolic studies are thus limited to measuring the most abundant amino acids such as glutamate, glutamine, and aspartate in relatively large tissue volumes with low temporal resolution (∼5 min in a state-of-the-art cerebral metabolic study performed *in vivo* in rats at 14.1 T^[@ref6]^). This implies that numerous metabolic intermediates between the injected^[@ref13]^C-labeled precursor and the detected metabolites are invisible, and many assumptions are required to derive the underlying enzymatic fluxes.^[@ref7]−[@ref9]^

The recent development of hyperpolarization schemes to enhance the ^13^C signal by several orders of magnitude allows observing metabolic processes with much higher spatial and temporal resolution than what can be done with thermally polarized ^13^C substrates. It also gives access to many intermediates in various metabolic pathways that would otherwise be undetectable. Three schemes have so far been developed to provide hyperpolarized (HP) ^13^C metabolic precursors dissolved in room-temperature aqueous solutions: the brute force method, parahydrogen-induced polarization (PHIP), and a method based on dynamic nuclear polarization (DNP), now commonly called dissolution DNP. The latter is currently the most versatile and established method, and we herein propose to review the field of dissolution DNP from physical and biological perspectives (a comparison of the three techniques can be found in ref ([@ref10])). The dissolution DNP technique has recently reached a point at which it is ready to move from proof-of-principle studies toward applications aimed at solving specific biological and medical problems. This shift has already started with an increasing number of articles published in biology-oriented and medical journals in the past few years. The motivation for this review at the current stage of evolution of the technique is to help (bio)medical researchers understand the technology and determine if HP experiments can address questions in their own areas of interest.

Physical Concepts and Technical Aspects {#sec2}
=======================================

The idea that electron spins can be used to enhance the polarization of nuclear spins was proposed in a seminal theoretical work by Overhauser^[@ref11]^ and was shortly thereafter confirmed experimentally by Carver and Slichter.^[@ref12]^ DNP found application in the field of particle physics for the production of polarized targets for scattering experiments^[@ref13]^ and also in solid-state nuclear magnetic resonance (NMR) where a host of researchers applied it to structural elucidation and analytical analysis in conjunction with magic-angle spinning (MAS) techniques, a method sometimes termed MAS DNP.^[@ref14]^ The feasibility of using DNP to directly enhance the water proton NMR signal in biological samples has also been demonstrated and even used *in vivo*,^[@ref15]^ and it is now commonly termed Overhauser DNP. However, the potential of DNP for investigating metabolism became clear only after the demonstration by Ardenkjaer-Larsen et al. that a frozen pellet of metabolically active compound could be dissolved while maintaining the large nuclear spin polarization that can be achieved at low temperatures.^[@ref16]^ To understand the value of this technique for *in vitro* and *in vivo* biological ^13^C MRS studies, and the important parameters to take into account in experimental design, we present here the main physical concepts and some practical considerations.

The principle of DNP is to enhance the nuclear spin polarization by driving highly polarized unpaired electron spins out of thermal equilibrium, thereby allowing cross-polarization between electron spins and their surrounding nuclear spins. An external magnetic field for polarizing the spins and a microwave source for saturating the electron spin resonance (ESR) are thus required for DNP. Unpaired electron spins can be introduced inside the sample either chemically by adding persistent radicals or through gamma or UV irradiation.^[@ref17]−[@ref21]^

It is feasible to enhance the MRS signal by performing DNP *in situ*, i.e., directly within the biological system under investigation, but restrictions on the working field and temperature are imposed by the sample environment. For instance, MAS DNP experiments are usually performed at ∼100 K and at high magnetic fields for compatibility with standard MAS NMR methods. The constraints are even tighter when Overhauser DNP has to be performed in living cells, or even *in vivo*, because the process has to take place at physiological temperature and, for potential human applications, in a magnetic field strength imposed by the available MRI scanner. The other two main issues inherent to *in situ* DNP are, first, the necessity to incorporate high concentrations of unpaired electron spins within the biological system, which might affect its physiology, and, second, heating due to the large microwave power required to saturate the ESR. In the context of *in vitro* and *in vivo* biological studies, the clear advantage of an *ex situ* method, such as dissolution DNP, coupled to a substrate injection protocol is that the field strength as well as the temperature at which the DNP processes take place can be chosen in a manner completely independent of the parameters used for the MR measurements. It is thus possible to select optimal temperature and field values to obtain the greatest substrate polarization within a given amount of time. Note that schemes based on *ex situ* Overhauser DNP were also proposed for biological studies, but the ^13^C polarization that can be obtained is 3--4 orders of magnitude lower than the ^13^C polarization reached by dissolution DNP.^[@ref22]−[@ref24]^ Therefore, *ex situ* Overhauser DNP cannot be used for ^13^C MRS metabolic studies.

The two essential parameters determining the efficiency of DNP are the electron spin polarization (*P*~e~) and the electron spin longitudinal relaxation time (*T*~1,e~). At first approximation, the nuclear spin longitudinal relaxation time (*T*~1,n~) is not an independent parameter because it is directly proportional to *T*~1,e~, as the main relaxation mechanism of the nuclear spins is dipolar coupling to the unpaired electron spins. Ideally, *P*~e~ should be as large as possible and *T*~1,e~ sufficiently long to allow a saturation of the ESR with a minimal amount of power, thereby avoiding excessive sample heating. When these two parameters are evaluated as a function of temperature at 5 T (Figure [1](#fig1){ref-type="fig"}), it is clear that the conditions are much more advantageous at 1 K than at liquid nitrogen temperature (77 K) or 300 K. Indeed, whereas at 1 K *P*~e~ is essentially 100% and *T*~1,e~ is close to 1 s, at 77 K the former is only ∼4% and the latter is on the order of a few hundred microseconds, meaning that a much larger amount of power is required to saturate the ESR. The situation is clearly even worse at 300 K. Note that the values of *T*~1,e~ given here are only representative of nitroxyl radicals at 0.35 T,^[@ref25]^ but the temperature dependence of *T*~1,e~ for other radicals and at higher field strengths is expected to follow a similar trend.^[@ref26]^ Around 1 K, the maximal ^13^C polarization that can be obtained via DNP is expected to be inversely proportional to the temperature, at least for samples containing wide-ESR-line-width radicals.^[@ref17]^ Whereas cooling and maintaining a sample at ∼1 K via immersion in a bath of liquid ^4^He at a pressure of ∼0.1 mbar is rather straightforward, decreasing the bath temperature substantially below 1 K becomes technically much more challenging and requires the use of the rare and expensive ^3^He isotope. Note also that at 1 K the ^13^C polarization is only ∼0.1% (Figure [1](#fig1){ref-type="fig"}), which demonstrates that directly polarizing ^13^C-labeled substrates without DNP (the brute force method) requires much more complex cryogenic technologies.

![^13^C (dashed black curve) and electron (solid black curve) spin polarization at 5 T together with the electron spin longitudinal relaxation time (red curve) at 0.35 T as a function of temperature. The relaxation times for nitroxyl radicals were calculated from the fitting curved given in ref ([@ref25]).](bi-2014-01225t_0002){#fig1}

Besides the temperature, the other external parameter that can be adjusted to optimize the DNP process is the magnetic field. The original dissolution DNP apparatus was set to operate at 3.35 T,^[@ref16]^ but it has been shown that larger maximal ^13^C polarization can be obtained in a field of 4.6--5 T with all common radical types^[@ref28],[@ref29]^ and, at least with nitroxyl radicals, the maximal ^13^C polarization is even larger at 7 T.^[@ref30]^ A challenging technical issue arising when the field is increased is the fact that microwave losses become dramatically larger inside the transmission lines carrying the high-frequency microwaves from the source to the sample. Gold-plated or corrugated waveguides can be used to reduce these losses.^[@ref30],[@ref31]^

On the basis of the information described above, it must be concluded that the higher the field and the lower the temperature, the larger the polarization. The drawback of working at a larger field and a lower temperature is that the polarization buildup times may become prohibitively long. A working temperature of 1 K and a magnetic field of 5 T thus seem to be a good compromise for dissolution DNP. Increasing the microwave power should aid in the acceleration of the polarization processes, but an exceedingly large power will lead to sample heating that will affect the polarization efficiency (the typical optimal power as measured at the microwave source output is on the order of 10--50 mW). A recent study showed that the maximal polarization expected when the ESR is fully saturated might be restricted due to sample heating.^[@ref32]^

Required Hardware {#sec2.1}
-----------------

The hyperpolarizer or dissolution DNP polarizer that needs to be coupled to a NMR or MRI instrument to perform HP MR consists of three main hardware components: (1) a superconducting magnet to set the external magnetic field, (2) a helium cryostat connected to vacuum pumps to cool the sample to ∼1 K, and (3) a microwave source to enable the polarization transfer from the incorporated unpaired electron spins to the nuclear spins. The original system developed by Amersham Health based on a variable-temperature insert (Figure [2](#fig2){ref-type="fig"}) has served as a basis for the implementation of the commercial HyperSense developed by Oxford Instruments. The HyperSense operates at 3.35 T and 1.2--1.6 K. A hyperpolarizer for clinical use (SPINlab) has been developed by GE Healthcare. It operates at 5 T and 1.1 K. Alternative home-built systems have been implemented using room-temperature bore magnets.^[@ref17],[@ref33]−[@ref35]^

![Schematic drawing of the original hyperpolarizer developed by Ardenkjaer-Larsen et al.: (1) DNP polarizer, (2) vacuum pump, (3) variable-temperature insert, (4) microwave source, (5) pressure transducer, (6) sample port, (7) microwave container, (8) sample holder, (9) sample container, and (10) dissolution wand. Reproduced with permission from ref ([@ref16]). Copyright 2003 National Academy of Sciences.](bi-2014-01225t_0003){#fig2}

When installing a HP MR setup for metabolic studies, one must take into account the following practical considerations. (a) A helium recovery system is strongly recommended because the currently available preclinical systems require a substantial amount of liquid helium for running HP ^13^C MR experiments; SPINlab does however not require a supply of cryogenic liquids. (b) The quantification of the solid-state ^13^C polarization inside the hyperpolarizer is nontrivial because of the extremely long *T*~1~ and the short *T*~2~ inherent to ^13^C nuclear spins in frozen glassy samples at ∼1 K. The authors suggest using a dedicated NMR spectrometer adapted for solid-state NMR measurements independent of the main MR system used for the biological studies. (c) An inadequate magnetic field profile between the hyperpolarizer and the main NMR/MRI magnet can lead to a dramatic reduction in the liquid-state ^13^C polarization of the substrate (this will be further discussed in the following sections). The location of the hyperpolarizer with respect to the MR system is thus crucial and should be carefully chosen. Once the hardware and the physical parameters of the sample environment have been optimized, the sample chemical composition needs to be carefully adjusted to maximize the ^13^C polarization of metabolic substrates.

Impact of the Choice of Radical {#sec2.2}
-------------------------------

In a field of 3--7 T and at a temperature of ∼1 K, ^13^C polarizations on the order of 10--50% can be typically reached within a few hours. The maximal nuclear polarization and the time necessary to reach it strongly depend on sample content and preparation. Radicals, also called polarizing agents, and solvents are the crucial components that must be carefully selected. The typical concentration of polarizing agents is in the range 15--60 mM, and to date, trityl radicals and the persistent 1,3-bisdiphenylene-2-phenylallyl (BDPA) radical have proven to be the most efficient agents for polarizing ^13^C-labeled substrates.^[@ref16],[@ref36]^ One of the most important characteristics of a radical in the context of DNP is its ESR line width, which correlates with the width of the frequency-dependent ^13^C polarization enhancement microwave spectrum (Figure [3](#fig3){ref-type="fig"}). The essential feature behind the high DNP efficiency of radicals such as trityls is that their ESR line width is narrower than the ^1^H resonance frequency. As a consequence, the probability of enabling electron spins to cross-polarize proton spins using microwave irradiation is very low, increasing the probability of polarization transfer to ^13^C spins and thereby producing larger maximal ^13^C polarization. It has however been observed that the ^1^H polarization reaches a level nearly 4 times higher than the ^13^C polarization in typical nitroxyl-doped samples used in dissolution DNP, and that the characteristic polarization buildup time constant is substantially shorter for ^1^H than for ^13^C.^[@ref37]^ Researchers can take advantage of the fact that nitroxyl radicals efficiently and rapidly polarize protons to obtain large ^13^C polarizations in a short amount of time through ^1^H--^13^C cross-polarization schemes, although the maximal ^13^C polarization in the liquid state is still lower than the levels obtained using BDPA or trityl radicals.^[@ref38]^ Solvent deuteration leads to increased maximal ^13^C polarization with wide-ESR-line-width polarizing agents such as nitroxyl radicals, whereas it causes a reduction in maximal ^13^C polarization when trityl or BDPA is used.^[@ref37],[@ref39]^ It must be stressed that although the maximal ^13^C polarization that can be reached in samples doped with the widely available nitroxyl radicals will generally not be as large as in trityl- or BDPA-doped samples, the difference will not exceed a factor 2--3 for most substrates in optimized sample preparations, which makes nitroxyl radicals suitable for *in vitro* and *in vivo* preclinical studies (see, e.g., ref ([@ref40])). The nonpersistent radicals that can be photoinduced in frozen pyruvic acid following UV irradiation at liquid nitrogen temperature do not exhibit an ESR line width as narrow as that of trityls or BDPA, but it seems to be narrow enough to limit proton polarization (Figure [3](#fig3){ref-type="fig"}), with the additional advantage of not requiring a filtration process prior to injection into subjects.^[@ref19],[@ref41]^

![Microwave spectra at 5 T and 4.2 K. Comparison between the microwave spectra measured by ^13^C MR in \[1-^13^C\]pyruvic acid doped with 16 mM OX063 trityl radicals (∗), UV-irradiated \[1-^13^C\]pyruvic acid (●), and a frozen 3 M sodium \[1-^13^C\]pyruvate aqueous solution doped with 50 mM TEMPO nitroxyl radicals (○). The frequency separation Δ between the central and the left or right vertical dotted lines corresponds to the ^1^H MR frequency at 5 T. Reproduced with permission from ref ([@ref19]). Copyright 2013 National Academy of Sciences.](bi-2014-01225t_0004){#fig3}

It was demonstrated that the maximal ^13^C polarization that can be achieved at 3.35 T and 1.2--1.4 K can be more than doubled by adding Gd^3+^ compounds or complexes to the sample,^[@ref42]^ but this considerable improvement seems to be restricted to samples prepared with trityl radicals.^[@ref43]^ The incorporation of Gd^3+^ in trityl-doped samples also accelerates the ^13^C polarization buildup, and it is now widely used in the composition of many substrate preparations for dissolution DNP.^[@ref44]^

In the following two sections, we describe the crucial steps to minimize the ^13^C polarization losses during the process of bringing the DNP-enhanced ^13^C-labeled metabolic substrates from the polarizer 1 K environment into the biological system under MR investigation.

From Solid to Liquid: The Key Dissolution Step {#sec2.3}
----------------------------------------------

As already mentioned above, the groundbreaking innovation that brought DNP into the realm of *in vitro* and *in vivo* biological MR was the addition of a dissolution procedure for producing HP liquid-state imaging agents at physiological temperatures.^[@ref16]^ Dissolution is performed by propelling a hot solvent onto the frozen sample to rapidly melt it. The resulting solution is chased out of the polarizer using pressurized helium gas and collected for injection into an NMR tube, an animal, or a human. The technique has been used to hyperpolarize ^1^H, ^6^Li, ^13^C, ^15^N, ^89^Y, and both ^107^Ag and ^109^Ag,^[@ref16],[@ref45]−[@ref52]^ and the liquid-state nuclear polarizations are typically enhanced by 3--4 orders of magnitude compared to the room-temperature thermal polarizations at common magnetic field strengths. A pivotal point that has made dissolution DNP feasible was the determination of the appropriate environment in which to perform the solid-to-liquid phase transformation. It is indeed required to nearly instantaneously cross the region of the magnetic field-temperature parameter space where 4.2 K \< *T* \< *T*~melt~ in which *T*~1,n~ can become extremely short, especially at low magnetic field, because of the presence of the paramagnetic centers embedded inside the DNP-enhanced frozen sample (*T*~melt~ is defined as the melting temperature of the sample). The key for the dissolution step is thus to use a hot solvent with a large heat capacity to rapidly melt the frozen sample (water has the highest specific heat capacity of all solvents that are liquid at room temperature) and to perform the dissolution *in situ*, in the low-temperature and high-magnetic field environment set for DNP, i.e., inside the cryostat placed in the bore of the superconducting magnet. When persistent radicals are used for the solid-state DNP process, their dilution in the solvent also reduces the paramagnetic spin relaxation rate.

Transfer and Injection of Hyperpolarized ^13^C Substrates {#sec2.4}
---------------------------------------------------------

The DNP-enhanced ^13^C-labeled substrates, once dissolved in hot water, have to be rapidly transferred into the bore of the MR system to minimize the ^13^C polarization losses occurring through longitudinal spin relaxation processes (the standard room-temperature *T*~1~ of ^13^C-labeled metabolic substrates is shorter than 1 min^[@ref44]^). The ^13^C spins will usually experience drastic magnetic field variations during the transfer, and for many substrates, *T*~1,n~ becomes extremely short in the low-field region located between the two magnets. For this reason, the distance between the hyperpolarizer and the MR instrument should be kept as short as possible and a fast transfer procedure is greatly important. *T*~1,n~ is influenced by the chemical environment of the nuclear spins, the magnetic field, and the temperature. Field and temperature are in most cases imposed by the experimental conditions and can often not be set to optimal values. Note that when the solution containing the HP ^13^C-labeled substrates is being transferred, it is mandatory not to cross very large gradients (avoid, for instance, passing the solution in the proximity of strongly magnetized material) to avoid destroying the ^13^C polarization via nonadiabatic passage; the reviewers also advise to map the field between the hyperpolarizer and the MR system to determine where the low-field regions are located and whether the solutions containing the HP substrates should be transported within a permanent magnet. In terms of temperature, the solution can be rapidly thermalized using an appropriately controlled container, thus allowing the establishment of an optimal temperature for minimizing the relaxation prior to injection (Figure [4](#fig4){ref-type="fig"}).^[@ref53]^ The chemical environment of the nuclear spins can be partially controlled by choosing an appropriate solvent (deuteration helps reduce the nuclear dipolar relaxation) and by reducing the concentration of paramagnetic centers dissolved in the HP solutions.^[@ref36],[@ref53],[@ref54]^ Isotopic substitution can also be used to reduce the intramolecular relaxation in the molecules of interest. In many cases, the main relaxation mechanism is via interactions with paramagnetic impurities. Because paramagnetic centers are required for the DNP process, the solution usually contains a substantial amount of radicals, unless nonpersistent radicals are used like in the method proposed by Eichhorn et al.^[@ref19]^ These radicals need to be filtered, using an anion-exchange or reverse phase column or polyethylene filters,^[@ref16],[@ref36],[@ref55],[@ref56]^ or scavenged with an antioxidant such as vitamin C.^[@ref53],[@ref54]^ Note that it has been shown that on specific molecules it is possible to store the enhanced polarization in long-lived singlet states, the relaxation times of which can be \>10 times longer than the *T*~1~ of the nuclear spins forming the singlet states.^[@ref57],[@ref58]^

![Sketch of the dissolution DNP setup installed at the Center for Biomedical Imaging (CIBM) of the Ecole Polytechnique Fédérale de Lausanne (EPFL). A 5 T, 1 K hyperpolarizer is located ∼4 m from a 9.4 T rodent MR scanner. A specific device minimizing the delay between the dissolution and the infusion of DNP-enhanced molecules has been implemented for *in vivo* applications. The delay can be as short as 3 s.^[@ref53]^](bi-2014-01225t_0005){#fig4}

Optimizing ^13^C MR Acquisition {#sec2.5}
-------------------------------

Following the injection of the HP ^13^C-labeled substrates, the nuclear polarization will inevitably and irreversibly decrease back to its thermal equilibrium value, and the typical time window available for performing a metabolic study is on the order of 1 min. The polarization decay will additionally be accelerated by the application of the radiofrequency pulses that are used to perform the MR measurements. How long the signal will be detectable will depend on the sensitivity (noise level) and the magnetization flip angle related to the radiofrequency pulses. Several schemes have been proposed to perform multiecho acquisitions or to use spatially and spectrally selective radiofrequency excitations to increase the time over which the HP nuclear spins can be measured by limiting the amount of enhanced longitudinal magnetization that is required for each acquisition.^[@ref59]−[@ref62]^ It is also possible to highly enhance and detect nuclear spins with short relaxation times via *in vitro* or *in vivo* polarization transfer from long-*T*~1~ HP nuclear spins.^[@ref51],[@ref63],[@ref64]^ Such methods can potentially lead to increased sensitivity or increased spectral resolution even *in vivo*.^[@ref65]^ A complete review of the acquisition schemes and hardware is beyond the scope of this review, and it is the reviewers' opinion that, to date, no all-purpose or standard scheme has been defined. Each type of MR experiment will most likely require its own optimal scheme because of the irreversible destruction of the ^13^C magnetization after each acquisition.

Biological Applications {#sec3}
=======================

As one can gather from the introduction to hyperpolarization technology, the chemistry and physics of DNP is a field unto itself. While the current versions of commercially available hyperpolarizers are designed for turnkey operation, the researcher would do well to understand some of the finer points of the process to avoid misinterpretation of data. Basic physical sciences are however not driving the development of this technology; it is the biomedical applications that have animated the field, as DNP-enhanced ^13^C MRI has unique potential as a molecular imaging tool. First, the technology does not use ionizing radiation, so its repeated use in children or in other vulnerable populations is not restricted in any way. Second, with the chemical shift that is endemic to the MR technique itself, kinetics of chemical reactions are naturally detected, not simple uptake of a substrate. The specificity of MR-based methods is rivaled only by mass spectrometry, which is limited to *ex vivo* samples. To aid the reader in gaining a global understanding of the power of the method as well as its weaknesses, the review of the biological applications is broken down into pathways as opposed to a review of current agents. For a very complete review of available agents, see ref ([@ref66]). A particularly helpful overview of the targets and/or challenges of imaging cancer with HP agents was published recently as well.^[@ref67]^ Krishna et al. have also published an insightful review that surveys methods for measuring tissue oxygen partial pressure (pO~2~) as well as intermediary metabolism using HP methods,^[@ref68]^ a work similar in scope to the review published by Tyler in 2011.^[@ref69]^

Glycolysis {#sec4}
==========

Glucose metabolism is subject to control at multiple points within the glycolytic pathway.^[@ref70]^ Warburg proposed nearly 70 years ago that glycolysis and lactic acid fermentation was the primary cause of cancer.^[@ref71]^ While this theory has been disproven, abundant lactate is nonetheless phenotypically conserved across most cancer cell types. Much like the detection of cancer drove the early development of MRI itself, cancer diagnosis is the most obvious "killer application" for imaging with probes that reflect glycolytic metabolism.^[@ref72]^ HP glucose itself is the most obvious agent for detecting glycolytic flux, but the short *T*~1~ of the protonated carbons can limit its effective use. \[U-^13^C~6~,U-^2^H~7~\]Glucose has therefore been the primary metabolite used in studies to date, as the deuteration removes the effects of ^1^H--^13^C dipolar relaxation, increasing the *T*~1~ to ∼10 s for each site. The first application of this probe was in yeast, where *Saccharomyces cerevisiae* rapidly metabolized the glucose to a variety of downstream metabolites.^[@ref73]^ Experiments in cell culture were completed using a high-resolution NMR system, where line shape and the small coil volume allowed optimal shimming conditions and rapid detection of metabolism (Figure [5](#fig5){ref-type="fig"}). Every metabolite in the glycolytic chain was detected, each showing a delay in the kinetics that was appropriate for its position in the pathway relative to the glucose probe. The visually striking data demonstrate the power of DNP-NMR for detecting kinetics in living systems.

![Aliphatic region of the ^13^C NMR spectrum acquired after injection of HP \[U-^2^H,U-^13^C\]glucose into yeast cell culture shown as a surface plot with time on the *y*-axes. Stepwise kinetics of each enzyme in glycolysis was observed.](bi-2014-01225t_0006){#fig5}

Frydman and co-workers used the same probe in T47D breast cancer cells and noted a similar set of metabolites.^[@ref74]^ Using a shaped pulse detection scheme, they were also able to make estimates of kinetics for enzyme-catalyzed reactions that do not require direct detection of the intermediate species. The power of this technique has not been fully grasped by the HP imaging community at large, and methods like this deserve extended development in the opinion of the reviewers. Unfortunately, normal mammalian tissues do not have glycolytic rates that are as high as those of yeast or cancer cells, as *in vivo* mouse studies have initially failed to detect the metabolism of glucose.^[@ref75]^ This somewhat disappointing result was confirmed in the work of Rodrigues et al. in which heart, brain, and kidney all failed to produce HP lactate subsequent to the injection of the HP glucose probe.^[@ref76]^ However, the work of Rodrigues was focused on detecting cancer, and in orthotopically implanted EL4 and LL2 tumor lines, metabolism of glucose to lactate was detected and imaged in real time (Figure [6](#fig6){ref-type="fig"}). It should be mentioned that the method used is analogous to 2-deoxy-2-\[^18^F\]fluoroglucose (FDG) positron emission tomography (PET), with the exception that the actual metabolic flux is detected as opposed to simple probe uptake. FDG-PET retains a large absolute sensitivity advantage, but the DNP method might be superior when it is imperative to measure *in vivo* enzyme kinetics. Very recently, HP \[U-^13^C,U-^2^H\]glucose has been used to measure cytosolic NAD^+^/NADH ratios in cancer cell culture.^[@ref77]^ Strong correlations were found between the lactate/pyruvate ratio as detected by HP-NMR and the cytosolic redox state.

![(a) Glycolytic metabolism in subcutaneously implanted xenografts of EL4 and LL2 cancer cell lines as detected with HP \[U-^2^H,U-^13^C\]glucose. Note the lack of lactate signal detected in normal tissues. (b) Images of glycolytic metabolism in the EL4 cancer model. Courtesy of Kevin Brindle.](bi-2014-01225t_0007){#fig6}

Glycolytic metabolism is of course active in the heart, liver, muscle, brain, etc., but the failure to detect its metabolism (to date) using HP glucose illustrates that a variety of factors influence the sensitivity of the experiment. The detected signal intensity is a product of several factors:

This value is of course convolved with the sensitivity of the MR hardware. Even though these tissues can turn over large amounts of glucose daily, the kinetics on the time scale of ∼1 min has been slow enough to prevent detection so far. Glucose has not been polarized as effectively as pyruvate or other targets to date, for reasons that are not easily explained. A typical value is ∼20%, while pyruvic acid with the trityl radical can easily yield twice that number. Given the data presented so far, significant advances in the production and delivery of HP glucose will be needed to detect flux in any case outside of cancer metabolism. Physiologic states (besides cancer) that emphasize glucose utilization, i.e., brain metabolism or heart failure, may be the targets most likely to produce significant results.

Another tack on measuring glycolytic flux is simply determining the size of the lactate pool in the targeted tissue. Detection of lactate in tissue by ^1^H MR spectroscopic imaging methods is difficult because of its low concentration \[low signal-to-noise ratio (SNR)\] and because it co-resonates with the methylene protons of fat. Imaging the lactate concentration with HP pyruvate does not suffer from any background signals because of the unique ^13^C chemical shift of all the carbons of lactate. In practice, a number of considerations have made pyruvate the imaging agent of choice not just for cancer detection but for a variety of experiments in living systems. Pyruvic acid makes an ideal target for DNP in the solid state. Neat pyruvic acid will solubilize the trityl radical, allowing high concentrations of the ^13^C isotope to be attained. Higher concentrations of isotope speed the polarization process.^[@ref17]^ The neat acid also has few protons, which can increase the absolute polarization levels.^[@ref39]^ Following dissolution, the NMR properties of pyruvate are favorable, as well. The C1 and C2 positions of pyruvate are not protonated and hence have long *T*~1~ values (∼1 min) at 3 T, which preserves the HP magnetization for periods long enough to image using even relatively slow protocols like chemical shift imaging (CSI). Pyruvate exchange with lactate is catalyzed by lactate dehydrogenase, an enzyme common to every tissue type. The production of lactate from pyruvate consumes a reducing equivalent derived from NADH, and the reverse reaction transfers a hydride to NAD^+^. The NAD^+^/NADH ratio maintained under normal physiological conditions manifests as a 10/1 lactate/pyruvate ratio in the cytosol.^[@ref80]^ In cells exhibiting high levels of anaerobic (as in exercising muscle) or aerobic (as in the Warburg effect) glycolysis, the lactate level can increase significantly. HP \[1-^13^C\]pyruvate was first used to image cancer by the original developers of the dissolution technique in a rat model.^[@ref81]^ Using a simple CSI protocol, an enhanced lactate signal was detected in a P22 tumor model. These first images exerted a tremendous influence on the field, as the diagnostic potential of the technique was apparent. The authors proposed that ratiometric imaging, images based on the ratio of a metabolite to the parent pyruvate signal, might carry the most diagnostic potential. It is important to understand that any ratio of intensities observed probably does not represent the actual concentrations of the metabolites because of the confluence of eq [1](#eq1){ref-type="disp-formula"} and the vascular concentrations of the probe that is delivered. For this reason, comparison of ratios of upstream versus downstream metabolites between control and experimental groups is a ubiquitous method for extracting metabolic information from HP experiments. Almost immediately, a flurry of papers reported on various aspects of pyruvate metabolism in tumor tissue. Day et al. were the first to use HP pyruvate to detect the response to the treatment of a cancer cell line.^[@ref82]^ Treatment of EL-4 cancer cells with etoposide resulted in lower apparent rate constants for pyruvate to lactate flux, *k*~PL~, while the activity of lactate dehydrogenase (LDH) was not significantly changed. Interestingly, the impact of pool size (eq [1](#eq1){ref-type="disp-formula"}) on the HP signal intensity was first investigated in this paper, where the addition of exogenous lactate to the cell culture allowed serially increasing HP \[1-^13^C\]lactate signals to be observed. A discussion of modeling of the kinetics of the HP species is presented in a following dedicated section.

*In vivo* experiments at the University of California San Francisco (UCSF) using a transgenic adenocarcinoma model of a mouse prostate (TRAMP) mouse illustrated a new method for acquiring chemically selective images.^[@ref83]^ While a review of imaging sequences is not our goal, the echo planar spectroscopic imaging (EPSI) sequence^[@ref84]^ used represented a significant acceleration in the speed of acquisition of dynamic data in living animals, reducing the time needed for consecutive images to 3 s. Lactate resonances were detected in the liver, muscle, and kidney, but the tumor region produced the highest lactate/pyruvate ratio as expected. The same team quickly followed this work with a study designed not only to detect but also to grade tumors using the same TRAMP model.^[@ref85]^ From a development perspective, this paper was the first to build a metric based on the total HP carbon (THC) for analysis of the results. THC integrates the total intensity for every resonance as a function of time to produce a total signal for normalization of each individual resonance. In this way, the method works much like total activity measurements in radioactive tracer experiments. A plot of the THC versus the HP lactate SNR showed an increasing THC value in the tumor as a function of tumor grade, as well as grade-dependent increases in the lactate signal. Higher THC values in the tumor were rationalized by increased levels of expression of monocarboxylate transporters (MCTs) in the higher-grade tumors. Park et al. applied HP pyruvate imaging to an orthotopic brain tumor model, generating a large number of significant differences between control and experimental groups.^[@ref86]^

Subsequent studies by the UCSF team have probed the effects of phosphatidylinositol 3-kinase inhibition^[@ref87]^ and hypoxia-inducible factor-1 and Myc activity on the production of HP lactate.^[@ref88]^ Both these papers were encouraging for the field, as they applied ^13^C imaging *in vivo* in a straightforward, reproducible manner to gain insight into metabolic questions without emphasizing technology development; publications of this nature emphasize a "coming of age" of the technology. Similar observations relating tumor viability to the lactate/pyruvate ratio were made by Senadheera et al.^[@ref89]^ They observed that radiation treatments decreased the lactate/pyruvate ratio significantly in tumors from the TRAMP model. Other work by Seth et al. hypothesized that reduced flux through LDH would result in negative consequences for tumor viability, and that treatment of tumors with dichloroacetic acid (DCA) would enhance the vulnerability of tumors to further treatment.^[@ref90]^ DCA enhances oxidation of pyruvate, effectively draining the pool of pyruvate that would naturally exchange with lactate. Indeed, DCA treatment not only lowered the lactate/pyruvate ratio but also enhanced the sensitivity of tumors to therapeutic paclitaxel doses. Experimentally, this paper highlights the unique kinetic information that can be collected using HP methods, but it also illustrates just how complicated modeling of the phenomena can be. A decreased lactate signal can arise from increased exchange or flux of pyruvate into other pools of metabolites, not just a change in the activity of the enzyme catalyzing the reaction of interest. In a similar vein, the hypothesis that interrupted glycolytic metabolism could further sensitize tumors to radiation treatment was tested using HP pyruvate in an anaplastic thyroid cancer (ATC) model.^[@ref91]^ Sandulache et al. demonstrated that 2-deoxyglucose (2-DG) significantly inhibited the generation of HP \[1-^13^C\]lactate production in xenografts of established ATC cell lines. Using a variety of assays of cell viability, the authors confirmed that inhibition of glycolytic flux increased the efficacy of radiation treatment but ultimately concluded that drugs more effective than 2-DG would be necessary to show similar effects in human cancers. Recently, the same group has studied the generation of reactive oxygen species (ROS) by radiation treatment of the same ATC model.^[@ref92]^ The impact of ROS on the reductive potential of cancer cells changed the availability of NADH in the cytosol, thereby downregulating HP \[1-^13^C\]lactate production. Further insight into the phenomena governing the amplitude of the lactate signal was gained by Bohndiek and co-workers; they used a battery of examinations to study the effects of bevacizumab on tumor progression in a mouse model of colorectal cancer.^[@ref93]^ This study used dynamic contrast enhanced (DCE) and diffusion-weighted MRI to measure tumor perfusion and necrosis. In addition to \[1-^13^C\]pyruvate, the HP protocol included \[1,4-^13^C~2~\]fumarate, which is a marker of tumor necrosis.^[@ref94]^ These experiments showed that a weakened lactate response originated from reduced tumor perfusion (reduced delivery of the HP pyruvate precursor), not necessarily from a change in the kinetics of LDH. LDH inhibition can, however, certainly control the appearance of lactate, as well, as evidenced in a lymphoma model.^[@ref95]^ In contrast, the lab of Ronen compared the MCF-7 breast cancer cells to PC3 prostate cancer cells under treatment with a mitogen-activated protein kinase inhibitor.^[@ref96]^ The MCF-7 cells showed a similar decrease in the level of lactate generation upon treatment, but the prostate cancer cell line showed an increased level of lactate generation. Assays of the cellular redox state, LDH expression and activity, and intracellular lactate levels yielded similar increases across both cell lines. Ultimately, downregulation of MCT expression was used to rationalize the difference in HP lactate levels, but the complexity of the system reiterates the necessity of a global view of intermediary metabolism and enzyme expression and/or activity for interpretation of the HP pyruvate results. In one of the few papers to discuss a negative result, Butt et al. did not note significant changes in pyruvate to lactate flux when tamoxifen was used to treat a breast cancer model.^[@ref97]^ It should be noted that only the apparent rate constant was measured; analysis of areas under the curve was omitted for unknown reasons. Most recently, the connection between tumor lactate and higher metastatic potential has been probed in another model of breast cancer.^[@ref98]^ In a somewhat surprising observation, metastatic risk was positively correlated with a decreased pyruvate to lactate rate constant. Once again, the surprising differences in the apparent rate constant were rationalized by changes in the lactate pool size. Somewhat related to these applications to cancer metabolism is the recent examination of the effects of radiation upon the observed lactate/pyruvate ratio in radiation-damaged rat lung.^[@ref99]^ An increase in the lactate/pyruvate ratio was attributed to the onset of inflammation associated with the radiation damage. Strong positive correlations between the lactate/pyruvate ratio and the macrophage count produced a convincing narrative about the effectiveness of HP pyruvate for the detection of inflammation.^[@ref100]^

FDG-PET is a clinically well-established technique that assays glucose uptake that presages glycolytic flux. It is quite natural that comparisons be made between FDG-PET and HP pyruvate imaging. Witney et al. were the first to compare the two methods using the lymphoma model common to their experiments and an etoposide treatment regimen.^[@ref101]^ Treatment of the tumor produced changes in FDG uptake within a short time span, but the conversion of HP pyruvate to lactate was downregulated only after a longer treatment regimen. Ultimately, the authors suggested that HP pyruvate might be a superior imaging agent when used in the brain to detect tumors (high level of background uptake) or prostate cancer (low level of glucose uptake). A more comprehensive comparison of resolution and other imaging parameters was not given. A similar study design was used by Weidl and co-workers in a model of hepatocellular carcinoma,^[@ref102]^ but a final comparison of the relative merits of the imaging modalities was not forthcoming. The authors suggested that a combination of FDG-PET and HP pyruvate imaging might be advantageous, as the information content of such an experiment would exceed the individual contributions.

Oxidative Flux {#sec5}
==============

In addition to the aforementioned favorable properties of pyruvic acid as a substrate for the DNP process, pyruvate can transit the pyruvate dehydrogenase complex, yielding a CO~2~ and an acetyl-CoA that can be subsequently oxidized in the tricarboxylic acid (TCA) cycle (Figure [7](#fig7){ref-type="fig"}). Oxidative phosphorylation depends upon the reducing equivalents generated by the TCA cycle. The acetyl-CoA that condenses with oxaloacetate to make citrate at the entry point of the TCA cycle can be derived from carbohydrates, fatty acids, or ketones. Glycolysis directly produces pyruvate, and lactate can also be easily oxidized because of the abundance of lactate dehydrogenase in most tissues. Likewise, alanine amino transferase (ALT) allows alanine oxidation through pyruvate. However, alanine's primary fate is transport to the liver; its production usually presages the transport of nitrogen back to the liver for disposal as urea.^[@ref103]^ Of the three-carbon glycolytic products, pyruvate has dominated hyperpolarization in practice, despite compelling arguments that either lactate or alanine (each more abundant in living systems) should be a superior imaging substrate. It is clear that supraphysiologic concentrations of the agent are needed for HP imaging, even with the increased sensitivity provided by DNP. However, this is a case in which the short time window for the imaging experiment determined by the *T*~1~ of the agent is an advantage. The high concentrations injected do not produce large changes in metabolite pool sizes on the time scale of the experiment, at least in the perfused heart.^[@ref104],[@ref105]^ The data presented in these two studies has been underappreciated in the literature, to the detriment of the entire field of HP studies of metabolism. The essential conclusion of the papers is this: the bolus of HP material intended for use as an imaging agent does not affect intermediary metabolism before the useful kinetic information has been measured. The HP experiment essentially produces a snapshot of normal metabolism at the time of injection. Further papers addressing dose-dependent aspects of kinetic measurements are important experimentally but do not address the direct biological consequences of a pyruvate bolus.^[@ref106],[@ref107]^ Furthermore, the multiplicity of metabolic fates for pyruvate makes it an ideal substrate for molecular imaging, as it can report on a host of enzyme-catalyzed reactions in living systems. Pyruvate and lactate both are translated into the cytosol via a monocarboxylate transporter (MCT1).^[@ref108]^ This is a kinetic advantage for the rapid delivery of the polarized molecule to the intracellular machinery. Alanine transport is primarily electrogenic in nature and has kinetic properties similar to those of lactate and pyruvate transport.^[@ref109]^ A factor that distinguishes pyruvate from other three-carbon intermediates is its low abundance relative to that of lactate and alanine. This means that a bolus of pyruvate can exchange into the larger lactate and alanine pools, producing intense resonances as measured as a fraction of the total carbon signal. Instances in which lactate or alanine is used as the imaging probe typically produce lower SNR for the downstream metabolites than for pyruvate.^[@ref85],[@ref110]^ Nonetheless, HP \[1-^13^C\]lactate oxidation can be detected in skeletal muscle if experimental parameters are optimized.^[@ref111]^ Pyruvate itself was first used as an agent in the work of the original team led by Golman.^[@ref112]^ All the advantages of \[1-^13^C\]pyruvate were used to good effect, as \[1-^13^C\]lactate, \[1-^13^C\]alanine, and \[^13^C\]bicarbonate were detected. The HP \[^13^C\]bicarbonate generated from \[1-^13^C\]pyruvate is a direct readout of flux through the pyruvate dehydrogenase complex and is hence correlated with the production of acetyl-CoA from pyruvate (Figure [7](#fig7){ref-type="fig"}). If the ^13^C label is placed at the C2 position of pyruvate, the label is passed to acetyl-CoA, where it can be subsequently detected in citrate or glutamate. Pyruvate dehydrogenase (PDH) flux in the heart is the primary and probably the only source of \[^13^C\]bicarbonate when HP \[1-^13^C\]pyruvate is used as the imaging agent.^[@ref113]^ Merritt and co-workers demonstrated that PDH flux, and therefore HP \[^13^C\]bicarbonate generation, could be modulated by the availability of a medium-chain fatty acid in the perfused heart. Furthermore, they suggested that the appearance of both bicarbonate and CO~2~ in the measurements might facilitate an estimate of pH in the tissue, a goal that became the subject of further publications by multiple groups.^[@ref114],[@ref115]^

![Distribution of the ^13^C label following metabolism of \[1-^13^C\]- or \[2-^13^C\]pyruvate. Four alternate pathways for producing HP \[^13^C\]bicarbonate from \[1-^13^C\]pyruvate exist, including PDH flux, a forward turn of the TCA cycle after pyruvate carboxylation, or alternately flux through pyruvate kinase (PK) or the malic enzyme. PK acts to decarboxylate oxaloacetate as opposed to malate.](bi-2014-01225t_0008){#fig7}

Similar observations about competition between fatty acid and pyruvate metabolism were made in the rat *in vivo*, where fasting was shown to decrease the rate of appearance of HP \[^13^C\]bicarbonate, presumably because of the increased availability of free fatty acids.^[@ref116]^ Induction of type 1 diabetes by streptozotocin treatment produced similar changes in PDH flux. *In vivo* spectra were acquired using a simple surface coil arrangement with no other source of localization. Almost concurrently, the progenitors of the dissolution DNP technique produced some of the most compelling images that have been observed in the heart using a porcine model of myocardial infarction and a relatively simple CSI method.^[@ref117]^ Brief local ischemia or alternately infarction was achieved using a balloon catheter for either 15 or 45 min to produce an occlusion in the left circumflex artery. Once the occlusion was released, subsequent images obtained with the injection of HP \[1-^13^C\]pyruvate showed the restoration of perfusion, as measured by the specific lactate or alanine measurements, but decreased PDH flux. Furthermore, the longer occlusion time produced images that showed a larger defect in \[^13^C\]bicarbonate production. Confirmation of reperfusion was validated using a standard gadolinium-based method. These observations animated the field of HP imaging, as clinical applications to myocardial hypertrophy, failure, and infarction were obvious. An imaging sequence capable of producing multislice ^13^C images of the heart was subsequently developed and applied to porcine models, producing compelling evidence that ^13^C imaging of the heart is not only possible but also likely to be easily implemented in humans (Figure [8](#fig8){ref-type="fig"}).^[@ref118]^ Work by others in the perfused rat heart confirmed that transient ischemia reduced PDH flux as measured by \[^13^C\]bicarbonate production.^[@newref118]^ Furthermore, ischemia is known to cause the cytosol of the heart to become more reduced. Taking the \[^13^C\]bicarbonate/\[1-^13^C\]lactate ratio produces a metric sensitive to both these processes; it was noted that in short time periods following reperfusion the ratio increased dramatically as the heart sought to restore its energy balance. It was also noted that ^31^P spectroscopy did not have the sensitivity to detect changes in metabolism on a time scale that was the same as that of HP experiments. While \[1-^13^C\]pyruvate imaging of the heart is quite sensitive to changes in PDH flux, the generation of \[^13^C\]bicarbonate from HP \[1-^13^C\]pyruvate is not guaranteed to reflect TCA cycle turnover. HP \[2-^13^C\]pyruvate theoretically should be more sensitive to a forward turn of the cycle, as its product, acetyl-CoA labeled at the carbonyl position, can condense with oxaloacetate to produce labeled TCA cycle intermediates. This labeling scheme was used successfully by Tyler and co-workers to study the perfused heart under normal conditions and following mild ischemia.^[@newref119]^ With the injection of HP \[2-^13^C\]pyruvate, \[1-^13^C\]acetylcarnitine, \[5-^13^C\]citrate, and \[5-^13^C\]glutamate were observed, as well as the appropriate isotopomers of lactate and alanine. Ischemia-reperfusion reduced the magnitudes of the signals of the products of PDH flux, an observation interpreted as reduced TCA cycle turnover, though total pool sizes were not addressed as a possible source of the decreased magnitude of the signal. The low signal intensities associated with the \[5-^13^C\]glutamate and \[5-^13^C\]citrate do not bode well for the clinical use of HP \[2-^13^C\]pyruvate, as the sensitivity of any experiment is likely to be challenging even with hyperpolarization. Shortly thereafter, the same lab produced a dose--response study of the response of the *in vivo* rat heart to HP \[1-^13^C\]pyruvate concentration.^[@newref120]^ Injection of 1 mL of 40 mM HP \[1-^13^C\]pyruvate produced a maximal response as measured by \[^13^C\]bicarbonate production, with injections at higher concentrations producing insignificant increases. The resulting data showed Michaelis--Menten-type kinetics for PDH flux, while HP lactate and alanine production remained linear across the concentrations used. This study immediately preceded a flurry of publications by the same lab exploring the activation and control of PDH flux in a variety of systems. An *in vivo* study of PDH regulation used co-administration of malate to study the interplay between acetyl-CoA/CoA and NADH/NAD^+^ ratios on the detected \[^13^C\]bicarbonate signal observed after injection of HP \[1-^13^C\]pyruvate.^[@ref119]^ Malate caused a 27% increase in the level of bicarbonate in the fed state, while producing insignificant changes in the fasted state, suggesting the mechanism of PDH inhibition is different between the conditions. A similar experimental design was used in a paper focused on the effects of high-fat feeding and DCA.^[@ref104]^ While significant correlations were found between PDH activity and \[^13^C\]bicarbonate generation, the best fit line did not intersect the origin. The researchers correctly pointed out that *ex vivo* assays of PDH activity could not account for other effects *in vivo*, such as product inhibition by high levels of acetyl-CoA derived from fatty acid oxidation. In a study of hyperthyroidism, the same group used both HP \[1-^13^C\]pyruvate and \[2-^13^C\]pyruvate separately to study known increases in cardiac metabolic rate.^[@newref121]^ The onset of the malady in a rat model corresponded to decreases in apparent PDH flux and an increase in pyruvate anaplerosis through pyruvate carboxylase (PC). Both acute and long-term treatment with DCA resulted in a restoration of PDH flux, increasing the metabolic flexibility of the heart and resulting in decreased hypertrophy associated with the hyperthyroid condition. Interestingly, the use of \[2-^13^C\]pyruvate in this case allowed the observation of HP \[3-^13^C\]citrate, which can be derived only from oxaloacetate generated by PC flux followed by its condensation with acetyl-CoA. The efficacy of DCA for increasing PDH flux was studied in a different context by Mayer et al., where it was shown that an increased level of \[^13^C\]bicarbonate could be generated from HP \[1-^13^C\]lactate injected into rats.^[@ref120]^

![Images of porcine myocardial metabolism as imaged with HP \[1-^13^C\]pyruvate. Courtesy of A. Z. Lau and C. H. Cunningham.](bi-2014-01225t_0009){#fig8}

Pyruvate oxidation was the primary target of study in a methodological paper that for the first time used HP \[1,2-^13^C~2~\]pyruvate as the imaging agent.^[@ref121]^ This agent has the unusual ability to simultaneously measure PDH flux as well as incorporation of label into the TCA cycle as it combines both of the pathways illustrated in Figure [7](#fig7){ref-type="fig"}. While this can be translated into a tremendous gain in the amount of information from a single experiment, excellent resolution is required to capture both pathways, as the *J* coupling present in lactate and alanine arising from the doubly labeled pyruvate can impede the detection of \[5-^13^C\]glutamate, the most interesting downstream product of \[2-^13^C\]pyruvate. More applications of HP \[1-^13^C\]pyruvate and \[2-^13^C\]pyruvate to studies of cardiac metabolism appeared subsequently; one particularly cohesive paper studied heart failure (HF) in a porcine model.^[@ref122]^ Using an implantable pacemaker, dilated cardiomyopathy was induced by rapid pacing, with longitudinal study by cine-MRI for function, ^31^P NMR for cardiac energetics, and HP ^13^C NMR for intermediary metabolism. As seen in earlier studies, HP \[2-^13^C\]pyruvate produced signals in \[5-^13^C\]glutamate and \[1-^13^C\]acetylcarnitine, both of which decreased significantly with progression of HF. Perhaps the most encouraging result was a significant decline in the \[5-^13^C\]glutamate signal at 2 weeks of pacing that preceded any other measure of change in heart function, including cardiac index, end-diastolic volume, and ATP production as assessed by ^31^P NMR. A more comprehensive study of HP \[1-^13^C\]acetylcarnitine kinetics was conducted in the rat using DCA and dobutamine interventions.^[@ref123]^ Using saturation transfer experiments, the acetylcarnitine pool was shown to be in rapid equilibrium with both the \[5-^13^C\]citrate and \[5-^13^C\]glutamate pools. DCA administration enhanced the \[1-^13^C\]acetylcarnitine signal, consistent with increased PDH flux, while dobutamine apparently drained the acetylcarnitine pool, indicative of increased cardiac workload. Similar experiments with a larger pyruvate dose also noted changes in the \[5-^13^C\]glutamate signal and detected for the first time acetoacetate labeled at positions C1 and C3.^[@ref124]^ This was a truly remarkable result, as the heart is not believed to be a ketogenic organ. Future work should focus on the exact origin of the signal, as the large pyruvate dose could have facilitated export of ketone bodies from the liver to the heart. If the source of HP acetoacetate is truly the heart, then pathways previously considered irrelevant to the heart should be reexamined.

Up to this point, pyruvate metabolism has primarily been reviewed in the context of its oxidation or reduction, but its fate is different in the liver, which prefers to use fatty acids for oxidation, preserving three-carbon intermediates for gluconeogenesis. Liver metabolism has been less well studied in the context of hyperpolarization than cancer or myocardial metabolism. The first publication studied the *in vivo* rat liver in fed and fasted conditions.^[@ref125]^ A key observation from the data was that oxidative flux was much reduced in the liver compared to that in the heart, as \[^13^C\]bicarbonate was largely undetectable using a small flip-angle inspection pulse. As a surrogate of the redox state of the liver, the ratio of the lactate/alanine signal was elevated, indicating a more reduced cytosol.^[@ref80]^ Given that the experiments were conducted at 3 T, where the ^13^C chemical shift resolution is limited, it is perhaps not unsurprising that data in the perfused liver collected at higher fields led to the detection of more metabolic products of \[1-^13^C\]pyruvate, including \[1-^13^C\]- or \[4-^13^C\]malate and \[1-^13^C\]- or \[4-^13^C\]aspartate.^[@ref126]^ The perfused liver also had the advantage of being placed inside a relatively small diameter (18 mm) volume coil, enhancing the sensitivity of the experimental protocol. The primary fate of pyruvate in the liver is carboxylation to form oxaloacetate, which is in rapid equilibrium with malate and fumarate. The initial carboxylation step produces only \[1-^13^C\]oxaloacetate, but fumarate is a symmetric intermediate; rapid exchange to the level of fumarate produces malate, oxaloacetate, and therefore aspartate that is labeled at both positions C1 and C4. The relative ratio of the C1 and C4 signals gives kinetic information about the rate of exchange between fumarate and the other four-carbon compounds. HP \[^13^C\]bicarbonate was also observed, the appearance of which was quenched by using a phosphoenolpyruvate carboxykinase knockout (PEPCK-KO) mouse as a control. PEPCK can compete with PDH as a source of HP \[^13^C\]bicarbonate when \[1-^13^C\]pyruvate is used as an imaging agent. *In vivo* work in the mouse liver assigned the production of \[^13^C\]bicarbonate exclusively to PDH flux without further proof.^[@ref127]^ This apparent disconnect led to further experiments in the *in vivo* rat liver, which favored the interpretation that PDH flux is primarily responsible for HP \[^13^C\]bicarbonate production *in vivo*.^[@ref128]^ It is likely that the use of the medium-chain fatty acid octanoate, which bypasses carnitine palmitoyl transferase-I (CPT-I), in the perfused livers resulted in high levels of acetyl-CoA and a concomitant drop in PDH flux due to product inhibition. In all cases in which the chemical shift resolution is sufficient, the equilibrium products of oxaloacetate have signal amplitudes larger than those of \[^13^C\]bicarbonate, indicating that PC flux is larger in the liver than PDH flux.

Kinetics {#sec6}
========

Central to the appeal of hyperpolarization for metabolic imaging is the capture of time-resolved kinetics that reflects flux through enzyme-catalyzed reactions. As evidenced in the preceding text, tremendous progress has been made using rudimentary but highly stable ratios of metabolites to their HP precursors. The most intellectually satisfying solution to the reduction of HP data would fit the time-dependent evolution of the metabolites, thereby extracting rate constants and flux values for the enzyme-catalyzed reactions. This goal has been the target of multiple publications spanning a variety of systems from simple spectroscopy in cell culture to *in vivo* imaging experiments. The kinetics of HP signals is complicated by multiple factors, primarily relating to accounting for the disappearance of the HP magnetization. *T*~1~ destroys the HP magnetization at a predictable rate, but the mathematics describing first-order reaction rates is identical to that of longitudinal relaxation. This results in the superposition of exponentials with similar decay constants; extraction of decay rate constants in this case is well-known as being computationally difficult. Furthermore, each excitation of the magnetization consumes a portion of the polarization. While this factor can be exactly modeled, uncertainty about flip angles in the active volume of the transmit coil adds a further layer of uncertainty to the simulations of the data.^[@ref129]^ Other considerations make the inference of exact rate constants difficult at best.

The primary experimental issue is accounting for the delivery of the HP substrate to the site of the reaction. Without the concentration of the substrate being measured, any rate constant derived from a fitting procedure per force yields only an apparent rate constant (*k*~app~). Additionally, any reaction rate measured by the appearance of a product must represent a sum of transport phenomena and the action of the enzyme, unless the intra- and extracellular fractions can be resolved in some manner. Nonetheless, extensive efforts by multiple laboratories have yielded compelling results. To facilitate a more cohesive discussion of the modeling, Figure [9](#fig9){ref-type="fig"} illustrates the reaction pathways of pyruvate with the attendant nomenclature of the relevant rate constants. All discussion of modeling in this paper uses this nomenclature to describe the metabolic pathways as opposed to that used in any individual paper. Equation B1 shows a matrix formulation for the differential equations that govern the time evolution of the detected signal. The matrix formulation allows an intuitive visualization of the reactions relevant to the system, as off-diagonal components describe the rate of flow from one pool to the other. The vector \[**x**\] is a column vector with an entry for each compartment and/or metabolite; **A** is an exchange matrix, and **F** is a column vector with an entry *f* that can be any function that accurately describes the arrival of pyruvate at the region being examined. Computationally, the solution of eq 2 involves a matrix inversion that is notably faster than any numerical methods for integrating the differential equations themselves. The resulting gain in speed results in much faster simulations in the context of fitting acquired data.

![(A) Model of pyruvate metabolism including compartmentalization and enzyme-catalyzed reactions. (B1) Generalized solution for the time evolution of the signals in an HP pyruvate experiment. (B2) R~x~ refers to a longitudinal relaxation rate for the metabolite, and *k*~cyt~ = *k*~PL~ + *k*~PA~ + *k*~IM~ -- *k*~LP~ -- *k*~AP~ -- *k*~MI~. The rate constant, *k*, is defined for each reaction or transport step. Abbreviations: *k*~EI~, extracellular to intracellular; *k*~IM~, intracellular to mitochondrial; *k*~PL~, pyruvate to lactate; *k*~PA~, pyruvate to alanine; *k*~CO~2~~, production of CO~2~ following PDH flux; *k*~CB~, production of bicarbonate following forward flux of CO~2~ through carbonic anhydrase.](bi-2014-01225t_0010){#fig9}

Foundational observations were reported by the Brindle lab in 2007 in an EL-4 cancer cell culture, with experiments subsequently generalized to an orthotopic tumor model.^[@ref82]^ Using the two-pool modified Bloch equations to describe only pyruvate and lactate, an apparent rate constant was extracted for LDH in culture. Furthermore, reverse flux from lactate to pyruvate was neglected. Using a known amount of pyruvate, *k*~PL~ was used to calculate a flux in units of nanomoles per second per 10^8^ cells. Treatment of the cells with etoposide reduced the measured flux significantly. From the perspective of kinetic measurements, perhaps the most important observation was that addition of exogenous lactate at concentrations of 20 and 40 mM to the cell culture resulted in 1.4- and 2.4-fold increases, respectively, in the apparent flux from pyruvate to lactate. As accurately described in the paper, this effect reflects the exchange between pyruvate and lactate that is mediated by the bidirectional LDH enzyme. A larger pool of lactate is more capable of accepting the HP ^13^C label while returning to the pyruvate pool only the unpolarized \[^12^C\]lactate. A larger pool size exchanging with the source of HP magnetization will record a signal that is larger than that arising from a smaller pool. While CSI experiments were used to produce color maps of tumor metabolism, the *in vivo* kinetic data were collected with a slice-selective spectroscopy protocol. In the current literature, this is the case more often than not, as the development of fast imaging sequences that can be used for quantitative kinetic studies is challenging. Not only do pulse flip-angle effects have to be accurately accounted for, but sampling of *k*-space and general imaging considerations require sophisticated approaches to pulse sequence design.^[@ref130]^ To avoid the problem of delivery, the *in vivo* data were fit for time points only after the lactate signal had reached a maximum. This removes the need to model the delivery, but it is not clear how this compromise affects the estimation of *k*~PL~. Another paper of fundamental importance carefully studied the apparent Michaelis--Menten kinetics of HP pyruvate metabolism in rats and TRAMP mice.^[@ref131]^ Rats were studied using increasing concentrations of HP pyruvate to construct the dose--response curves. Using a slice-selective detection protocol, HP pyruvate arrival and subsequent metabolism were modeled using a piecewise description of the kinetics. In addition, consumption of magnetization by the finite excitation pulses was also modeled, allowing estimates of *in vivo T*~1~ values of the metabolites to be made. Again, the flux of lactate to pyruvate was neglected to simplify the fitting procedure, and modeling of the effects of the MCTs was not included in the simulations. The apparent *V*~max~ and *K*~m~ for the pyruvate to lactate conversion were 11.12 ± 1.28 μmol kg^--1^ s^--1^ and 160 ± 30 μmol/kg, respectively. Alanine had an almost equivalent *V*~max~, but the apparent *K*~m~ was larger (280 ± 67 μmol/kg). Initial velocities of each reaction were also calculated. In the TRAMP model, the ratio of apparent *k*~PL~ to *k*~PA~ increased over time in animals that were untreated, but hormone deprivation therapy prevented this rise, suggesting that quantitatively accounting for reaction rates might provide a stable metric for assessing treatment efficacy and tumor progression. An important observation in the study was that the measured *T*~1~ values of pyruvate, lactate, and alanine depended upon the tissue in which they were observed. One of the most complete attempts to assess *in vivo* kinetics using a Michaelis--Menten model was undertaken in the rat kidney.^[@ref132]^ In this case, an external reference was added to help estimate the total pyruvate concentration at the site of imaging. Using this method, *V*~max~ and *K*~m~ values were estimated for the production of HP lactate and alanine. The authors demonstrated that under the appropriate infusion conditions, the size of the pyruvate bolus (1, 2, or 3 mL) did not compromise estimates of the Michaelis--Menten constants. This observation deserves to be reproduced in other laboratories. If their method of kinetic analysis is shown to be sufficiently robust, it would allow discussion of *in vivo* kinetics in general terms understood by any scientific field, enhancing the likelihood of collaborations between the basic science groups driving the technology and more applied medical research teams.

Taking a step back in biological complexity, but a step forward in the complexity of the modeling, Harris et al. studied a T47D cell culture model of human breast cancer using a perfusion rig placed in a vertical bore spectroscopy system.^[@ref133]^ In this case, pyruvate extra- to intracellular transport was modeled in addition to pyruvate to lactate flux. One of the primary advantages of cell culture systems for measuring kinetics is that pyruvate delivery can accurately be approximated by a Heaviside step function, with only subsequent metabolism resulting in a change in pyruvate concentration. The addition of an MCT1 inhibitor to the system caused large drops in the HP lactate signal, as did a washout protocol that rapidly removed the HP pyruvate bolus. The combination of these two methods allowed the authors to state that pyruvate extra- to intracellular transport was the primary site of control of the total HP lactate signal, though generalizing this conclusion to other situations should be done with circumspection. Using a similar perfusion system, Keshari et al. studied an immortalized hepatoma cell line using HP pyruvate but arrived at different conclusions about the minimal model needed to describe the system.^[@ref134]^ Experimentally, the data were acquired in a manner different from that of Harris et al., who used a stopped flow technique. Here the system was under constant perfusion, and therefore, the data were modeled using an exponential delivery function. Using a 5° nonselective pulse, both lactate and alanine were observed and the resulting data were fit to derive *k*~PL~ and *k*~PA~ values without reference to MCT function. Despite the divergence in the choice of model, the ultimate fluxes estimated by the two methods were within 1 order of magnitude of each other. A third lab studied similar questions of MCT versus LDH activity in the EL4 cancer cell line, concluding that both MCT and LDH were responsible for controlling the intensity of the lactate signal.^[@ref135]^ As detailed above, the majority of studies have approached the modeling problem assuming unidirectional flux. While this certainly appears to be a reasonable simplification of the modeling, data demonstrating that exchange has a negligible effect on the observed kinetics were scant. Using SF188-derived glioblastoma cells in suspension in an NMR tube, Harrison and co-workers proposed six models of pyruvate metabolism that included exchange, flux, and separate pools of intra- and extracellular lactate.^[@ref136]^ Previously, independent measures of ^13^C isotope distribution had not been included in the experimental protocol, but here for the first time, mass spectrometry was used to independently assess ^13^C enrichment of the lactate pool. The experimental design included parallel experiments with \[3-^13^C\]pyruvate in cells that could be rapidly frozen to arrest metabolism; three time points at short, intermediate, and long times after introduction of pyruvate were used as gold standards for flux and/or exchange between pyruvate and lactate. To boost the NMR sensitivity further, a shaped pulse protocol was used to provide minimal excitation for the pyruvate while using an 18° flip angle for the \[1-^13^C\]lactate signal. As one might expect, only exchange models could fit the mass spectrometry and HP data simultaneously, with the three-pool bidirectional exchange model producing the fit with the lowest residuals overall. Remarkably, most models produced an accurate estimate of the initial pyruvate to lactate reaction as measured via hyperpolarization. The key point of this observation is that due to the shortness of time that the HP signal is observed, rather simple approximations can yield quantitative estimates of metabolic flux when using simple excitation--detection protocols. All four of these papers that used cell culture as a model system produced estimates of pyruvate to lactate flux (*V*~0~) that were within 1 order of magnitude, probably well within the biological variability of the various tumor cell lines used. Oxidative metabolism is also active in cancer cells, as detected using HP \[1-^13^C\]pyruvate in cell culture.^[@ref137]^ Using a selective excitation pulse to amplify the observed \[^13^C\]bicarbonate signal, kinetics in two different cancer cell lines were studied. The SFxL cell line primarily oxidizes pyruvate, as opposed to the hepatocellular carcinoma cell line, Huh-7, which metabolizes pyruvate more avidly via anaplerosis. The exact cell count along with a known volume and concentration of injected HP pyruvate facilitated an absolute measure of PDH flux, which could then be used to assign quantitative fluxes to a network of reactions probed by steady-state isotopomer analysis.

The conclusion that exchange is not important for accurate estimates of initial flux stands in apparent contradiction to methods that use more sophisticated pulse sequences to encode metabolic information into the HP data. Magnetization transfer experiments used to study *in vivo* cancer metabolism demonstrated the necessity of modeling bidirectional flux in an orthotopic tumor model.^[@ref138]^ In this experiment, after injection of the HP pyruvate, signals from pyruvate or lactate were irradiated for 1 s, producing changes in the signal intensity for the exchanging peak. These experiments parallel the MAD-STEAM method for *in vivo* spectroscopy, which uses specific echo times in a stimulated echo experiment to measure the change in phase of signal that arises when exchange takes place.^[@ref139]^ In both these experiments, bidirectional exchange is easily detected, even if estimates of flux are complicated by a lack of quantitative estimates of HP pyruvate concentration at the tumor. The key to understanding the disconnect between these experiments and those performed in cell culture is the preliminary encoding of the magnetization (either through saturation or by relative frequency) prior to its detection. The resulting *k* values are measures of exchange throughout the experiment as opposed to the initial velocity, *V*~0~, that is measured in the cell culture models. Determination of which methods yield the best insights into the biological process that is being studied is up to the designer of the experiment. The desire to accurately model exchange *in vivo* has recently prompted thoughtful development of phantoms for use in horizontal bore imaging systems.^[@ref140]^ Future development of imaging sequences would benefit from a uniform standard such as the one proposed by Walker et al. in benchmarking results from multiple laboratories concurrently. Another alternate method for assessing label exchange between lactate and pyruvate uses both HP \[1-^13^C\]pyruvate and HP \[1-^13^C\]lactate that is specifically deuterated. Using a pulse sequence similar to that of the POCE experiment,^[@ref141]^ the intensity of the free induction decay versus the echo can be used to detect exchange.

Fatty Acid and Ketone Metabolism {#sec7}
================================

Long-chain fatty acids (LCFAs) and ketones are preferentially oxidized in the majority of the organs, as the body ideally reserves glucose for utilization by the brain. Fatty acid β-oxidation is a large source of reducing equivalents as well as acetyl-CoA, but a technical factor has completely stopped the development of LCFAs as imaging agents, namely the fact that they require albumin to be solubilized in water. Albumin is a large, slowly tumbling molecule that has a strong negative impact on the ^13^C *T*~1~ values of the LCFAs when the compounds are complexed together, essentially depolarizing the agent upon binding. Water-soluble short-chain fatty acids like butyrate seem like obvious targets for development, so it is somewhat surprising that the first published results with butyrate are relatively new.^[@ref142]^ Initially using a perfused heart model, the injected HP \[1-^13^C\]butyrate was rapidly metabolized to \[1-^13^C\]acetoacetate, \[1-^13^C\]-β-hydroxybutyrate, \[1-^13^C\]acetylcarnitine, \[5-^13^C\]citrate, and \[5-^13^C\]glutamate. It is of note that \[1-^13^C\]butyrate produces the same isotopomers as \[2-^13^C\]pyruvate, but the additional information gained from the observation of the ketone bodies is a significant enhancement of the available information. The heart is generally not considered a ketogenic organ, yet a process known as pseudoketogenesis is known to be active in muscle/heart tissue.^[@ref143]^ This process, a subject of much contention in the literature, uses circulating acetoacetate to exchange with acetoacetyl-CoA in a process that redistributes the ^13^C label without actually producing new ketone bodies. Experiments with HP \[1-^13^C\]butyrate *in vivo* were also quite successful in the same study, though the spectral resolution is lower compared to that in the perfused heart. As detailed in the section on \[2-^13^C\]pyruvate, the production of \[1-^13^C\]acetylcarnitine can also be interpreted as a readout of the energy state of the myocardium; higher acetylcarnitine levels indicate a greater energy reserve available for the heart.

Acetate is not strictly a fatty acid, but it is the smallest two-carbon precursor to acetyl-CoA and is avidly metabolized by a number of tissues. As an imaging agent, HP \[1-^13^C\]acetate was first discussed by Jensen et al. in the context of heart and skeletal muscle metabolism *in vivo*.^[@ref144]^ Under an ischemia-reperfusion protocol, the signal associated with \[1-^13^C\]acetylcarnitine was dramatically lower during ischemia and was significantly depressed with even a 1 h reperfusion of the hindlimb. Unfortunately, because of the chemical shift of the parent \[1-^13^C\]acetate molecule, it is surprisingly difficult to resolve the \[5-^13^C\]glutamate signal that should be derived from exchange between α-ketoglutarate and glutamate. Mishkovsky et al. have demonstrated that by using uniformly ^13^C-enriched acetate and a polarization transfer pulse sequence, the metabolism of acetate to the level of α-ketoglutarate can be detected in the rat brain.^[@ref65]^ It was very surprising that α-ketoglutarate could be detected, as it is typically present at concentrations much lower than that of glutamate in the brain. The same group subsequently conducted a thorough kinetic analysis of \[1-^13^C\]acetate and its appearance in \[1-^13^C\]acetylcarnitine in the muscle, as well.^[@ref146]^

Ketone bodies themselves have long *T*~1~ carbonyls that should be amenable to hyperpolarization studies. To date, no papers have been published using HP acetoacetate or β-hydroxybutyrate as an imaging agent, but these compounds are clearly on the mind of many researchers as evidenced by two abstracts presented at a recent meeting.^[@ref147],[@ref148]^ Given the rapid uptake of ketone bodies by the brain and heart during fasting, it would be surprising if compelling *in vivo* results were not forthcoming.

As a conclusion to this portion of the review, truly original insights into *in vivo* oxidative metabolism are now being generated using dissolution DNP and a variety of ^13^C-labeled precursors. The incredible specificity of MR allows the observation of kinetics in real time in a straightforward manner unmatched by other molecular imaging techniques. This section has outlined how the redox state of the cell is important in both cancer and normal physiology. The lactate--pyruvate equilibrium has long been an important target for measurement, but the NAD^+^/NADH ratio on which it reports should not be confused with the NADPH-mediated detoxification processes that are also a part of normal cell function. This pool of redox active metabolites is reviewed in the next section.

Oxidative Stress: Vitamin C and Its Regeneration {#sec8}
================================================

As mentioned above, ROS play a central role in many normal cellular processes, including intracellular signaling and mitochondrial electron transport, but an excessive concentration of ROS lead to oxidative stress and may cause cell damage.^[@ref149]^ Antioxidants such as ascorbate (Asc or vitamin C) are essential in maintaining intracellular and extracellular redox homeostasis, and the extent of their usage increases in the case of oxidative stress. Through the ROS-scavenging process, ascorbate is oxidized to dehydroascorbate (DHA), the membrane transport of which is facilitated by the GLUT protein family, making DHA the prevalent form for cells to incorporate vitamin C.^[@ref150]^ As soon as DHA enters cells, it is nearly instantaneously reduced to ascorbate via processes that can involve several reductants, allowing vitamin C recycling, as detailed below, but before entering the cell, DHA can also be hydrolyzed to diketogulonate (DKG). The *in vivo* formation of DKG from DHA is thought to be an extracellular irreversible reaction that will prevent part of the DHA from being reduced to vitamin C, although this point seems to be controversial.^[@ref151]^ The recycling of DHA to vitamin C is a crucial step in the maintenance of cellular redox balance.

The idea proposed essentially at the same time by Keshari et al. and Bohndiek et al. is to hyperpolarize and inject solutions containing \[1-^13^C\]DHA to probe the intracellular redox status by measuring the ^13^C NMR signal intensity ratio between \[1-^13^C\]DHA and \[1-^13^C\]Asc.^[@ref152],[@ref153]^ The properties of these two compounds are indeed very attractive for HP ^13^C NMR measurements because the C1 of each compound has a relatively long *T*~1~, especially at moderate and clinically compatible magnetic fields, and their chemical shift difference is large enough to be easily distinguished (Figure [10](#fig10){ref-type="fig"}). The attractiveness of DHA as a HP probe might, however, be hindered by its relative acute toxicity (the LD~50~ of rats with unbuffered iv DHA is ∼0.32 g/kg),^[@ref154]^ and to a lesser extent its tendency to be hydrolyzed to DKG.

![(A and B) Sequential coronal *T*~2~-weighted images and corresponding ^13^C three-dimensional MRSI demonstrating the distribution of HP DHA and vitamin C (VitC) in a TRAMP mouse after intravenous injection of 350 μL of 15 mM HP \[1-^13^C\]DHA. The liver and kidneys are best seen in panel A, and the prostate tumor is best seen in panel B. (C) Representative ^13^C spectra from liver, kidney, and prostate tumor in a TRAMP mouse. (D) Axial *T*~2~-weighted image of a normal mouse with a voxel encompassing the normal prostate. (E) Summary of average metabolite ratios \[VitC/(VitC + DHA)\] for normal liver, kidneys, and prostate (*n* = 5), as well as TRAMP tumor and surrounding benign tissue (surround) (*n* = 4). Reproduced with permission from ref ([@ref153]). Copyright 2011 National Academy of Sciences.](bi-2014-01225t_0011){#fig10}

An additional significant issue for biological applications of HP \[1-^13^C\]DHA lies in the difficulty of interpreting the origin of the ^13^C NMR signal intensity ratio inherent to the intricate reduction mechanisms. Reduction of DHA to vitamin C can be either spontaneous, through a reaction with glutathione (GSH), another major intracellular antioxidant, or enzymatically catalyzed with the direct or indirect involvement of NADPH (Figure [11](#fig11){ref-type="fig"}). GSH, which unlike vitamin C can be directly synthesized by human (and many other mammalian) cells, is also involved in the most prominent reduction pathway via a thiol cycle (Figure [11](#fig11){ref-type="fig"}B). The concentration ratio of glutathione disulfide (GSSH) to GSH, namely \[GSSG\]/\[GSH\], has been determined to be a direct indicator of oxidative stress.^[@ref155]^ For this reason, and because of the high intracellular concentration of GSH (ranging from 0.5 to 10 mM), it is tempting to hypothesize that the \[1-^13^C\]DHA to \[1-^13^C\]Asc intensity ratio should correlate with \[GSSG\]/\[GSH\]. However, one has to be cautious because, first, GSH-independent processes that depend on NADPH can directly reduce DHA (Figure [11](#fig11){ref-type="fig"}A), for instance, via the thioredoxin reductase,^[@ref156]^ or 3α-hydroxysteroid dehydrogenase,^[@ref157]^ and, second, the concentration of NADPH could be the rate-limiting factor, even with the involvement of GSH, because it is required to reduce GSSG through glutathione reductase (GR). It must also be noted that three different types of GSH-dependent enzymes have been shown to have dehydroascorbate reductase (DHAR) activity, namely, thioltransferases (also known as glutaredoxins), glutathione *S*-transferases, and protein disulfide isomerases.^[@ref158],[@ref159]^

![Schematic representation of the enzymatically catalyzed DHA reduction processes. The cofactor NADPH is involved either directly (A) or via a thiol cycle (B). The most prominent thiol cycle couples the reduction of DHA to the oxidation of glutathione, the recycling (reduction) of which involves the oxidation of NADPH. Abbreviations: DHAR, dehydroascorbate reductase; GR, glutathione reductase.](bi-2014-01225t_0012){#fig11}

Despite its limitations, \[1-^13^C\]DHA is the only HP substrate for probing the intracellular NADPH availability *in vivo* that has been proposed to date, and it can provide crucial information in ROS-related diseased tissue, in particular for clinically relevant cardiovascular and neurodegenerative diseases as well as cancer. So far, the only two published studies based on HP \[1-^13^C\]DHA have been performed in tumor models.^[@ref152],[@ref153]^ The fast proliferation of cancer cells is associated with an increased concentration of ROS, which is partly compensated by an increase in intracellular antioxidant concentration, principally GSH and NAPDH from the upregulated pentose phosphate pathway.^[@ref160],[@ref161]^ There is therefore a direct relationship between the concentration of reducing molecules and tumor cell development, and HP \[1-^13^C\]DHA could provide an assessment of the aggressiveness of cancer cells and their response to drugs.

Amino Acid Metabolism and Nitrogen Homeostasis {#sec9}
==============================================

Nitrogen homeostasis is tightly regulated in animals, on one hand, because of the nitrogen requirements in essential processes such as nucleic acid and protein synthesis and neurotransmission and, on the other, because of the high toxicity of ammonia. Nitrogen is assimilated by the organism through the diet in the form of nucleotides, proteins, and amino acids. The release (deamination) or intermolecular transfer (transamination) of an amino group is an essential enzymatically catalyzed process in the metabolism of amino acids.^[@ref162]^ Among the TCA cycle intermediates connecting the glucogenic amino acids to carbohydrate metabolites, two α-keto acids, namely, α-ketoglutarate (α-KG or 2-oxoglutarate) and oxaloacetate, are key molecules because they participate in the transfer of reducing equivalents between the cytosol and the mitochondrion to regulate metabolism and in particular oxidative phosphorylation. This transfer via the malate--aspartate shuttle involves the two associated amino acids aspartate and glutamate. The latter, participating in several transamination reactions and functioning as both a nitrogen acceptor and a nitrogen donor, plays a prominent role in the intracellular transport of nitrogen as well as in biosynthesis (Figure [12](#fig12){ref-type="fig"}).

![Schematic representation of the transamination and transamidation reactions involving glutamate. Abbreviations: GLS, glutaminase; ATR, aminotransferase; GDH, glutamate dehydrogenase.](bi-2014-01225t_0013){#fig12}

Several HP probes have been proposed and tested to detect the metabolism of these key compounds in amino acid metabolism and their associated pathways. To date, applications in oncology and neurosciences have been proposed, and we review here the probes within their potential fields of application.

Cancer Metabolism {#sec9.1}
-----------------

Because it has been shown that glutamine is, along with glucose and lactate, a major fuel for the proliferation of tumor cells, HP \[^13^C\]glutamine was evaluated to probe cancer metabolism. Early *in vitro* experiments by Gallagher et al. showed that \[5-^13^C\]glutamate can be readily detected in cultured human hepatoma cells (HepG2) following the injection of HP \[5-^13^C\]glutamine into cell suspensions and that the rate of conversion is determined by both the glutaminase (GLS) activity and the kinetics of the glutamine transporters.^[@ref163]^ Cabella et al. later showed that similar HP ^13^C experiments can be performed *in vivo* in rat liver injected with rat hepatoma cells (McA-RH7777).^[@ref164]^ Although the *T*~1~ and chemical shift of both the \[5-^13^C\]glutamine precursor and the \[5-^13^C\]glutamate metabolite are suitable for hyperpolarization, the challenges associated with such an experiment have two main origins. First, glutamine is quite unstable in aqueous solution and tends to be converted to \[5-^13^C\]pyroglutamate.^[@ref164]^ Second, the cellular uptake of glutamine is relatively slow, even in cancer cells \[typically 2--3 nmol min^--1^ (mg of protein)^−1^ (see, e.g., ref ([@ref165]))\]. Note that although \[1-^13^C\]glutamine has a ^13^C *T*~1~ longer than that of \[5-^13^C\]glutamine because of the larger intramolecular distance between the ^13^C label and a quadrupolar ^14^N atom, the small chemical shift difference between \[1-^13^C\]glutamine and \[1-^13^C\]glutamate makes it less suitable for *in vivo* experiments.

The transamination of glutamate to α-ketoglutarate can be probed using HP \[1-^13^C\]glutamate and has been demonstrated *in vitro* in human hepatoma cells (HepG2).^[@ref166]^ This probe is also attractive in tumors because of the high intracellular glutamate concentration resulting from the high rate of glutamine uptake and glutaminase activity that has been reported in cancer cells.^[@ref167]^ In addition, the labeling of \[1-^13^C\]-α-ketoglutarate could give access to the measurement of oncogenic hypoxia-inducible factor (HIF) pathways that have been recently discovered.^[@ref168]^ In fact, \[1-^13^C\]-α-ketoglutarate has been recently proposed as a HP probe to assess the IDH1 mutational status in glioma.^[@ref169]^ The transfer of the ^13^C from \[1-^13^C\]-α-ketoglutarate to \[1-^13^C\]-2-hydroxyglutarate was detectable only in tumor cells expressing mutant IDH1. One of the main challenges for further applications of this probe will be the relatively weak signal of \[1-^13^C\]-2-hydroxyglutarate coupled to the fact that it overlaps with the signal from \[5-^13^C\]-α-ketoglutarate (the chemical shift difference is only 0.1 ppm), which is present at natural abundance but is also HP and thus gives rise to a detectable signal.

Besides pyruvate, which is converted to alanine, the other α-keto acid coupled to the glutamate−α-ketoglutarate transamination reaction that has been proposed as an HP probe is α-ketoisocaproate (KIC). KIC, along with the other two branched-chain α-keto acids (BCKAs), namely, α-keto-β-methylvalerate and α-ketoisovalerate, transforms into a branched-chain amino acid (BCAA) following the incorporation of the amino group from glutamate (see Figure [12](#fig12){ref-type="fig"}). Leucine is associated with KIC, isoleucine with α-keto-β-methylvalerate, and valine with α-ketoisovalerate. Karlsson et al. demonstrated that the intensity of the \[1-^13^C\]leucine signal intensity following the injection of \[1-^13^C\]KIC in a rat lymphoma model correlates with the activity of the branched-chain aminotransferase (BCAT) (Figure [13](#fig13){ref-type="fig"}).^[@ref170]^ The glutamate pool size also plays an important role in the conversion of \[1-^13^C\]KIC to \[1-^13^C\]leucine because the *K*~m~ of BCAT for glutamate is ∼50-fold larger than for KIC. As the glutamate concentration tends to be high in tumor tissue, it could be expected that the probe has a poor specificity and cannot be used to distinguish between different types of tumors. However, the authors nicely demonstrated that because BCAT is upregulated in specific cancer cells only, HP \[1-^13^C\]KIC can be used as a probe for tumor profiling. While the reviewers believe that this compound might be one of the most clinically viable HP probes for applications in oncology suggested to date, no other studies have been published since this initial application in subcutaneous tumors.

![Imaging of BCAT activity *in vivo*. The anatomical ^1^H image of an EL4 mouse is shown at the top left. Chemical shift images of \[1-^13^C\]leucine and \[1-^13^C\]KIC after injection of HP \[1-^13^C\]KIC are overlaid onto the anatomical image. The tumor position is indicated by a dashed line. \[1-^13^C\]Leucine is specifically observed inside the tumor. One-dimensional ^13^C spectra for volume elements of the tumor and intestine (blue and red dots) demonstrate the difference in the \[1-^13^C\]leucine signal between the tumor and surrounding tissue. The position of the surface coil is indicated by the two white dots at the top left. Reproduced with permission from ref ([@ref170]). Copyright 2009 UICC.](bi-2014-01225t_0014){#fig13}

Brain Metabolism {#sec9.2}
----------------

Because glutamate is the main excitatory neurotransmitter in the central nervous system (CNS), many *in vivo* thermally polarized NMR studies have been performed to examine how the ^13^C from \[^13^C\]glucose, \[^13^C\]acetate, or \[^13^C\]-β-hydroxybutyrate is incorporated into brain glutamate.^[@ref7]^ Although no glutamate was initially detected in the rat brain following the injection of HP \[2-^13^C\]pyruvate,^[@ref171]^ HP ^13^C had the promise of offering the possibility of directly measuring metabolic intermediates involved in cerebral metabolism. Perhaps one of the most remarkable observations obtained with HP ^13^C in terms of brain metabolism was the detection of \[5-^13^C\]-α-ketoglutarate from \[1-^13^C\]acetate and the absence of a \[5-^13^C\]glutamate signal within the 30 s time frame of the experiment.^[@ref65]^ Interestingly, Park et al. detected \[5-^13^C\]glutamate but no \[5-^13^C\]-α-ketoglutarate in the rat brain following the injection of HP \[2-^13^C\]pyruvate.^[@ref172]^ This difference might be due to the fact that acetate is exclusively taken up by astrocytes whereas pyruvate is most likely incorporated in both neurons and astrocytes.

The essential glutamate/glutamine cycle sustains the formation of the glutamate neurotransmitter within neurons while preventing its superfluous and toxic accumulation within the synaptic cleft. Because both glutamate and glutamine can be oxidized, the brain requires an abundant source of amino groups for synthesizing these vital amino acids. BCAAs and notably leucine are known to be a major source of nitrogen for the synthesis of glutamate and glutamine, and Yudkoff et al. hypothesized that BCAAs should play a crucial role in the recycling of glutamine in astrocytes and the buffering of glutamate within neurons (see Figure [14](#fig14){ref-type="fig"}).^[@ref173]^ Experimental evidence of the role of BCAAs in *de novo* glutamate synthesis and glutamate recycling via a BCAA shuttle was provided by Hutson et al.^[@ref174]^ Together with the high level of expression of BCAT in the rodent and human brain,^[@ref175]^ the facilitated transport of BCKAs through the ubiquitous cerebral MCTs makes HP \[1-^13^C\]KIC an ideal compound for probing nitrogen homeostasis in the brain, and Butt et al. demonstrated that its metabolic product \[1-^13^C\]leucine can be readily detected in the rat brain.^[@ref176]^ A potential application of this HP compound would be to probe the dysfunctions in amino acid metabolism linked to neurodegenerative diseases.^[@ref177]^

![Schematic representation of the KIC/leucine BCAA cycle along with the coupled glutamine/glutamate cycle active between astrocytes and neurons. To transfer nitrogen from a neuron to an astrocyte, the amino group can be fixed to KIC to form leucine. Abbreviations: GS, glutamine synthetase; BCATm, mitochondrial branched-chain aminotransferase; BCATc, cytosolic branched-chain aminotransferase; GLS, glutaminase; GDH, glutamate dehydrogenase. To effectively move the NH~4~^+^ from a neuron to an astrocyte, the latter has to be fixed to α-ketoglutarate by mitochondrial GDH.](bi-2014-01225t_0015){#fig14}

Future Prospects for Analytical Applications {#sec10}
============================================

In view of the physical considerations presented in the first part of this review, we now propose to discuss what the features of an ideal hyperpolarizer for preclinical experiments should be. First, it should be clear from Figure [1](#fig1){ref-type="fig"} that the working temperature has to be close to 1 K; i.e., the sample should be placed in superfluid liquid helium, although we recommend to stay above 1 K because of the prohibitively long polarization buildup time constants. Also, because the amount of microwave power required for efficient DNP is non-negligible (typically 10--50 mW), the sample cannot be placed in a vacuum chamber while being cooled by a cryogenic cold head and should instead be immersed in superfluid liquid helium. However, because of the scarcity as well as the cost of helium, we advocate for a system that will not require external cryogenic fluids. The idea would thus be to have a small amount of condensed helium inside the sample space that can be internally recycled (this is what is actually done in the SPINlab). Second, as discussed earlier, the most convenient magnetic field seems to be 5 T (the current version of SPINlab is also set to operate at 5 T). Third, the sample volume and dilution factor should be small, so that it is possible to produce adapted volumes of highly concentrated solutions for cell cultures (in 5 or 10 mm outer diameter NMR tubes) or rodents without wasting expensive labeled material. Finally, besides the obvious necessity for high performance, two prominent practical aspects should also be put forward: the ease of use and the reproducibility. For this reason, we strongly advocate a nearly all automated system, including transfer, infusion/perfusion system, and MR acquisition, similar to what was proposed by Cheng et al.^[@ref53]^ We are confident that the implementation of such a system is technically feasible and that it will soon be developed.

While HP MR has unlocked a new era in *in vivo* imaging with an incredible array of insights into normal and pathophysiology, it has not gained widespread use in traditional areas of (bio)chemical research. There are both scientific and economic concerns that underlie the current state of the field. From the point of view of potential applications of dissolution DNP, metabolomic studies of analytical samples seem like the most clear-cut opportunity for the technology. Progress in this area has been hindered by sample preparation issues. The efficiency of dissolution DNP is highly dependent on the formation of a glass and the uniform distribution of radical in the target sample. It can be challenging to meet these conditions in a sample for a metabolomic study that is composed of hundreds or thousands of compounds. The most typical samples for metabolomic studies have been urine or blood, two biofluids that are characterized by the presence of high-molecular weight proteins or high salt concentrations. It is the authors' experience that samples with high salt concentrations are difficult to polarize, primarily because of solubility limitations, though there are few discussions of this in the literature. It is most likely that these samples do not glass well, preventing efficient polarization. The presence of simple salts does not prevent extremely high polarizations from being achieved.^[@ref178]^ The Danish company Albeda Research has specialized in the development of substrate preparations for HP ^13^C MR.^[@ref44],[@ref179]^ Assuming that a proper sample matrix could be identified for a wide range of metabolomic analyses, issues of heterogeneity of nuclear *T*~1~ values complicate the interpretation of ^13^C spectra that might be collected. Chemical sites with long nuclear *T*~1~ values are inherently more sensitive when they are used with dissolution DNP, as opposed to thermally polarized ^13^C spectroscopy in which shorter *T*~1~ values allow faster repeat times and therefore higher sensitivities. These various factors have combined to make DNP sparsely used at best in metabolomics studies. Another possible field of application could be mechanistic studies in enzymology, where the chemical selectivity of NMR implies that kinetics measurements in isolated systems could be highly informative. Dissolution DNP has already been found to be useful in chemical kinetics, primarily through the excellent technical work of the Hilty lab.^[@ref180]−[@ref183]^ However, another experimental detail has prevented the use of DNP for small samples. Both commercially available systems are equipped to solubilize large volumes of sample. The most common dissolution DNP system currently is the HyperSense, which uses a minimum of 3 mL of superheated water to solubilize the frozen sample. Given the sizes of samples regularly produced for enzymology studies, this volume of solvent renders a sample with concentrations too low for study by NMR, or too expensive in terms of sample production. In addition, 3 mL of sample is a volume larger than what can be efficiently used in current systems unless a 10 mm NMR probe is available. Finally, even with rapid delivery systems that have been developed, shimming of the HP sample remains a challenge.^[@ref184]^ From an economic perspective, the HyperSense system costs something more than 600000 USD and the GE SPINlab system is more than 1.5 million USD. This is outside the means of most basic science departments. With all these considerations in mind, development of a dissolution DNP system suitable for use in analytical chemistry should be able to successfully polarize and quantitatively dissolve extremely small samples, preferably using a capillary-based system for sample delivery. A capillary-based NMR system would address concerns about shimming as the sample location does not change relative to the detection coil. The small volumes necessary for capillary NMR systems are ideally suited for analytical applications like metabolomics and enzymology. The primary engineering hurdle that impedes such development is identifying a means for maintaining a small sample at cryogenic temperatures while leaving it subject to dissolution, either by mating a dissolution wand to it or by flushing hot solvent through the containing capillary. Prospects for such a system seem dim unless individual researchers are inclined to take up the development, as biomedical (*in vivo*) applications are driving the field strongly.

Biomedical Research {#sec11}
===================

Given the large number of successful preclinical applications of HP ^13^C imaging, it is clear that clinical trials are the next logical step for the technique's development. A trial aimed at establishing safe concentrations of pyruvate for human use was recently completed at UCSF (Figure [15](#fig15){ref-type="fig"}).^[@ref56]^ The ascending dose study found no dose-limiting toxicity even at the maximum dose of 0.43 mL/kg of 230 mM HP \[1-^13^C\]pyruvate. Comparison to ^1^H MRSI methods yielded approximately equivalent SNR levels between the methods, but in at least one case, the lactate/pyruvate ratio identified a previously undiagnosed malignant lesion that was later confirmed as cancerous by biopsy and histopathology. A key point not emphasized in the paper was that because of the extended period needed for the pharmacist to confirm that the sample was suitable for injection (∼52 s), a large amount of polarization was lost due to the *T*~1~ of the sample. The new GE SPINLab polarizer has an inline quality control system that will significantly streamline sample production; the take-home message is that in a very real sense the data presented in this paper are the worst we will see from *in vivo* human studies. The quality of the data will only improve.

![Results from the first *in vivo* human experiments using HP \[1-^13^C\]pyruvate. A CSI sequence identified regions of increased lactate production in prostate cancer that was independently confirmed by biopsy.](bi-2014-01225t_0016){#fig15}

The Killer Application? {#sec12}
=======================

The acceptance into practice of an imaging modality often hinges on identifying the "killer app", the clinically important problem that can be addressed only with the new technology. Two candidates for HP ^13^C imaging have been covered in detail in this review: cancer detection and assessment of healthy and/or damaged cardiac tissue. In the context of cancer in general, prostate cancer may be the most viable clinical target for two reasons. First, while FDG-PET is a very sensitive detector of glucose uptake, prostate cancer is often phenotypically less avid for glucose metabolism than other malignancies. Second, the background signal associated with the bladder can often obscure at least a portion of the prostate. It is no accident that the first use of HP \[^13^C\]pyruvate in humans was clinically motivated by prostate cancer. Myocardial metabolism seems to be an equally viable target, as the heart consumes such a profligate amount of pyruvate that SNR ratios for imaging experiments can be quite large. The general observation that PDH flux as detected by the production of HP \[^13^C\]bicarbonate from \[1-^13^C\]pyruvate is lower in a variety of models of myocardial pathophysiology should certainly motivate numerous clinical trials once human-use polarizers are fully installed. While this review is hardly all inclusive, it seems clear that HP imaging as a clinical technique will stand or fall on the basis of the success of pyruvate as the agent. With the intellectual and monetary investment already made in HP pyruvate, it is unlikely that other agents, though scientifically important, will have a chance to move forward into clinical practice unless pyruvate is first shown to be a viable agent. Progress with pyruvate as an imaging agent has been considerable. We believe that within a decade "pyruvate scans" for detection of cancer or heart dysfunction (or both) will likely be reimbursed through Medicare.
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EPSI

:   echo planar spectroscopic imaging

THC

:   total hyperpolarized carbon

MCT

:   monocarboxylate transporter

DCA

:   dichloroacetic acid

ATC

:   anaplastic thyroid cancer

2-DG

:   2-deoxyglucose

ROS

:   reactive oxygen species

DCE

:   dynamic contrast enhanced

CoA

:   coenzyme A

TCA

:   tricarboxylic acid

ALT

:   alanine aminotransferase

PDH

:   pyruvate dehydrogenase

PK

:   pyruvate kinase

PC

:   pyruvate carboxylase

HF

:   heart failure

PEPCK

:   phosphoenolpyruvate carboxykinase

KO

:   knockout

*k*~app~

:   apparent rate constant

POCE

:   proton-observed carbon-edited

LCFA

:   long-chain fatty acid

Asc

:   ascorbate

DHA

:   dehydroascorbate

GLUT

:   glucose transporter

DKG

:   diketogulonate

LD

:   lethal dosage

GSH

:   glutathione

GSSH

:   glutathione disulfide

GR

:   glutathione reductase

DHAR

:   dehydroascorbate reductase

α-KG

:   α-ketoglutarate

GLS

:   glutaminase

ATR

:   aminotransferase

GDH

:   glutamate dehydrogenase

HIF

:   hypoxia-inducible factor

IDH

:   isocitrate dehydrogenase

KIC

:   α-ketoisocaproate

BCKA

:   α-keto acid

BCAA

:   branched-chain amino acid

BCAT

:   branched-chain aminotransferase

CNS

:   central nervous system

GS

:   glutamine synthetase

BCATm

:   mitochondrial branched-chain aminotransferase

BCATc

:   cytosolic branched-chain aminotransferase.
